Failure of the adaptive immune response to control infection with the hepatitis C virus (HCV) can result from mutational escape in targeted T-cell epitopes. Recent studies suggest that T-cell immune pressure is an important factor in the evolution of the nonstructural proteins in HCV. The aim of this study was to characterize the forces that contribute to viral evolution in an HLA-A*01-restricted epitope in HCV NS3. This epitope represents a potentially attractive target for vaccination strategies since it is conserved across all genotypes. In our cohort of subjects with chronic HCV infection (genotype 1b or 3a), it is a frequently recognized CD8 epitope in HLA-A*01-positive subjects. Viral sequence data reveal that an escape variant is the dominant residue in both genotypes. The predominant Y1444F substitution seemingly impairs binding to the HLA-A*01 molecule, which may have an important impact on the ability to prime a functional CD8 response upon infection. Interestingly, a case of evolution toward the prototype sequence was observed during chronic infection, possibly because the helicase activity of the protein containing the Y1444F substitution is reduced compared to the prototype sequence. Comparison of HCV sequences from Asia and Europe suggests that the frequency of the HLA-A*01 allele in a population may influence the frequency of the escape variant in circulating strains. These data suggest a complex interaction of multiple forces shaping the evolution of HCV in which immune pressure both within the individual and also at the population level in addition to functional constraints are important contributing factors.
A major characteristic of hepatitis C virus (HCV) is the tendency to set up persistent infection. An important role of the cellular immune response for viral control has been highlighted (reviewed in reference 6). Failure of HCV-specific T cells can result from mutational escape in targeted T-cell epitopes (10) . Several studies have demonstrated selection of escape mutations during acute HCV infection (18, 39, 41) and suggested T-cell immune pressure as an important driving force for the evolution of the nonstructural proteins in HCV (8) . Moreover, population-based studies revealed that at least in some CD8 epitopes selection of escape mutations is reproducible in subjects sharing the same restricting HLA alleles (16, 34, 35, 42) . However, functional constraints on the encoded proteins clearly limit the degree of variation of the viral genome (33, 36) . Accordingly, reversion of CD8 escape mutations back to the prototype sequence upon transmission to a host who does not express the restricting allele has been demonstrated in human immunodeficiency virus (HIV) and HCV (1, 14, 27, 35, 41) . In contrast, some escape mutations can also be stable upon transmission, either if the associated fitness costs are low or if subsequent compensatory evolution occurs. For HIV it has been described that these stable mutations potentially persist in circulating viruses in a population to an extent where the escape variant appears as the predominant consensus sequence (3, 26) .
For the design of effective immunotherapeutic strategies it is important to identify attractive immune targets in the pathogen. HCV epitopes that are conserved across genotypes are particularly valuable because they potentially provide protection against different genotypes. The HLA-A*01-restricted epitope NS3 1436-1444 (ATDALMTGY) in the helicase portion of NS3 is an attractive CD8 target, since it is conserved across all genotypes. The epitope contains the highly conserved motif V of the HCV helicase domain 2 (reviewed in reference 12). The prototype was defined with a tyrosine in position 9 of the epitope (25)-however, mutational escape in this position to phenylalanine (position 1444 in the polyprotein as aligned to H77) has been documented in a subject with acute HCV genotype 1a infection (8) . Moreover, the Y1444F substitution has been observed in association with the HLA-A*01 allele in subjects with chronic infection (16, 35, 42) , indicating that mutational escape is reproducible, even though various frequencies of this substitution have been reported.
The aim of the present study was to characterize the factors influencing the frequency of the Y1444F escape mutation in a population. We analyze here this epitope in two cohorts with chronic HCV genotype 1b or 3a infection. We show that this epitope is a frequent target of the CD8 T-cell response in HLA-A*01-positive subjects infected with HCV. Viral sequence data reveal that the putative escape variant is the dominant residue in both genotypes studied in Western populations, which are rich in HLA-A*01. This indicates that reproducible immune pressure on this epitope may drive continuous selection and potentially accumulation of the escape variant in populations with a high frequency of HLA-A*01. We demonstrate that the selected Y1444F substitution impairs binding to the HLA-A*01 molecule, which may have an important impact on the ability to prime a functional CD8 response against this epitope upon infection.
MATERIALS AND METHODS
Subjects. Subjects with chronic HCV infection were recruited from the hepatology outpatient clinics of the University of Bochum and the University of Freiburg. Additional samples were retrieved from the serum bank of the German Hepatitis Network (Kompetenznetz Hepatitis). Subjects were included if they presented with a positive HCV-RNA test in serum and no clinical evidence for acute infection. Only subjects infected with genotypes 1b and 3a were chosen. The study was approved by the local Institutional Review Board, and all subjects gave written informed consent.min (GoTaq; Promega). PCR products were then extracted from a 1% agarose gel (Qiagen gel extraction kit) or directly purified utilizing a QIAquick PCR purification kit (Qiagen) and population sequenced on an ABI 3730 XL automated sequencer. Some PCR products were also cloned (TOPO TA; Invitrogen) and sequenced. Sequences were aligned and edited by using CodonCode Aligner (Dedham, MA) and Se-Al (http://evolve.zoo.ox.ac.uk). Sequence data are available at GenBank under accession numbers EU078744 to EU078840.
Phylogenetic analysis. All available reference sequences Ͼ300 bp in length which spanned the sequenced region were identified and downloaded from the HCV sequence database (21) . Sequences with known countries of origin were retained. All sample sequences and reference strains were aligned by hand using Se-Al. Phylogenies were estimated by using the maximum-likelihood approach implemented in PAUP*4 (38) . The HKY model (19) with gamma-distributed among-site rate heterogeneity was used. A heuristic search for the maximumlikelihood tree was performed by using the tree-branch-reconnection and nearest-neighbor-interchange algorithms. The resulting estimated trees were midpoint rooted, and branches were colored according to the F/Y polymorphism in the epitope using FigTree 1.0 (http://evolve.zoo.ox.ac.uk). A neighbor-joining bootstrap analysis was performed with distances calculated by using maximum likelihood under the "HKYϩgamma" model, as described above. Bootstrap scores of Ͼ60% are shown in boxes on the appropriate branches.
Expression of the HCV genotype 3a helicase, mutagenesis, and purification. HCV cDNA derived from patient 3a-Ch7 (accession no. EU287946) was amplified in PCRs using the primers Nhe-3A (5Ј-GCG CGC GCT AGC CTA CAA TTC ATA CCA GTG GAA ACC C-3Ј) and Bam-3A (5Ј-GCG CGC GGA TCC CCA AGC AAC ACC CAG GTG CTG GTG GTC-3Ј). The PCR product was digested with BamHI and NheI and ligated into a similarly treated pET24 vector (Novagen). The resulting plasmid (p24Hel-3a Y1444F) contained the Y1444F escape variant. To generate the ATDALMTGY prototype p24Hel-3a, Y1444F was subjected to site-directed mutagenesis using a QuikChange kit (Stratagene) and the primers F1444Y(ϩ) (5Ј-CGC CCT CAT GAC TGG ATA CAC CGG AGA CTT CGA CTC-3Ј) and F1444Y(Ϫ) (5Ј-GAG TCG AAG TCT CCG GTG TAT CCA GTC ATG AGG GCG-3Ј). The sequence of the resulting plasmid (p24Hel-3a proto) was confirmed, and both p24Hel-3a proto and p24Hel-3a Y1444F were used to transform Rosetta (DE3) cells (Novagen) and to express a 53-kDa protein containing NS3 amino acids 116 to 631 (the complete HCV helicase) flanked by an N-terminal MAS sequence and a C-terminal STWVLL GDPNSSSVDKLAAALEHHHHHH sequence (His tag).
Proteins were purified after suspension in 5 volumes of buffer A (20 mM Tris [pH 8], 0.5 M NaCl, 5 mM imidazole), sonicated, and centrifuged. The lysate was applied to a 5 ml of nickel-NTA column (Novagen) and eluted with a linear imidazole gradient. Fractions containing the helicase were precipitated with 60% ammonium sulfate. The resulting pellet was dissolved in buffer B (20 mM Tris [pH 8], 50 mM NaCl, 1 mM EDTA, 0.1 mM dithiothreitol) and subjected to gel filtration chromatography, followed immediately by ion-exchange chromatography using DEAE-Sepharose (Pharmacia). Protein concentrations were determined from calculated extinction coefficients at A 280 .
The full-length NS3 protein (NS3 [con1]) was isolated as an N-terminally His-tagged protein by amplifying cDNA from the plasmid pBDL429PϩSϩ (29) using the PCR primers NS3(ϩ) (5Ј-GCG CGC GCT AGC GCG CCT ATT ACG GCC TAC) and NS3(Ϫ) (5Ј-GCG CGC GAA TTC GGT CAC GTG ACG ACC TCC AG). The PCR product was purified, digested with NheI and EcoRI (sites underlined), and ligated into a similarly treated pET28 vector (Novagen). The NS3 protein was expressed and purified as described previously for truncated NS3 except that the final DEAE column was substituted with a Fractogel EMD COO-column (EMD Biosciences).
The prototype Y1444 sequence was generated in a con1 background by subjecting plasmids expressing either Hel-1b (con1) or NS3 (con1) to site-directed mutagenesis using the primers F1444Y-Con1(ϩ) (5Ј-GAC GCT CTA ATG ACG GGC TAT ACC GGC GAT TTC GAC-3Ј) and F1444Y-Con1(Ϫ) (5Ј-GTC GAA ATC GCC GGT ATA GCC CGT CAT TAG AGC GTC-3Ј). The resulting proteins Hel-1b (F1444Y) and NS3 (F1444Y) were purified as described above.
Helicase assay. HCV helicase-catalyzed DNA unwinding was monitored by using a novel fluorescent "self-trapping" unwinding assay. This assay monitors the displacement of a dual-labeled DNA oligonucleotide from a longer complementary oligonucleotide. Upon displacement, both strands form hairpin structures, making the reaction essentially irreversible. Hairpin formation leads to a fluorescence decrease because a Cy5 fluorophore approaches an Iowa Black quencher moiety (Integrated DNA Technologies). To generate the substrate, 25 M concentrations of the labeled short strand (Cy5-GCT CCC CAA TCG ATG AAC GGG GAG C-IBQ) and long strand (3Ј-TTT TTT TTT TTT TTT TTT  TTT TTT TTT TTT CGA GGG GTT AGC TAC TTG , and fluorescence was monitored continually at 37°C. The helicase protein was then added (final concentration 5 to 100 nM) and equilibrated with the substrate for 2 min before initiation of the unwinding reaction by adding ATP (4 mM). Initial unwinding rates were measured by using linear regression over the initial phase of the reaction (0.5 to 2 min). ATPase assays. The initial rates of HCV helicase-catalyzed ATP hydrolysis were measured by using a modified colorimetric "malachite green" assay. Reactions were performed with catalytic amounts of HCV helicase (5 to 50 nM) at 37°C in 25 mM morpholinepropanesulfonic acid (pH 7.5). After 10 to 20 min, 25 l of a reaction was added to 200 l of a freshly prepared color reagent (3 parts 0.045% malachite green, 1 part 4.2% ammonium molybdate in 4.0 N HCl, 0.01 part 10% Tween 20). Within 1 min, solutions were quenched with 25 l of a 34% sodium citrate and incubated for 20 min at room temperature, and the resulting absorbance was read at 625 nm. Phosphate concentrations were determined from a standard curve generated with the same batch of reagents.
RESULTS
CD8 epitope ATDALMTGY 1436-1444 is frequently targeted in subjects infected with HCV genotype 1b or 3a. First, we determined the frequency of recognition of the HLA-A*01-restricted epitope ATDALMTGY 1436-1444 during chronic HCV infection. PBMC from HLA-A*01-positive subjects infected with genotype 1b or genotype 3a were stimulated with the synthetic peptide to expand antigen-specific T cells. In 5 of 10 subjects (50%) infected with genotype 1b and in 4 of 10 subjects (40%) infected with genotype 3a specific T cells targeting ATDALMTGY 1436-1444 were detectable (Table 1 ). In one subject (1b-Ch5) the number of specific T cells targeting this single epitope could be expanded up to 20% of all CD8 T cells. Of note, this response was detectable in only 3 of 10 subjects infected with genotype 1b before antigen-specific expansion (data not shown), suggesting that some low-level responses may be missed if only ex vivo techniques are used. In summary, 9 of 20 HLA-A*01-positive subjects with HCV genotype 1b or 3a infection had a detectable CD8 response against the ATDALMTGY 1436-1444 epitope, indicating that it is a frequent target even during chronic infection.
Impact of Y1444F variant on T-cell targeting. Selection of the Y1444F substitution has been described in a subject during acute HCV genotype 1a infection (8) . The Y1444F substitution in the HLA-A*01 epitope is located in the anchor position for MHC class I binding (9) , suggesting that the mutation from tyrosine to phenylalanine would affect peptide binding to the HLA-A*01 molecule and, consequently, efficient targeting by specific T cells. Interestingly, in the previous escape study no differential impact on T-cell recognition between the prototype and the variant was observed when tested ex vivo or after antigen-specific expansion of T cells (8) . To further evaluate this finding, we determined the impact of the Y1444F substitution on T-cell recognition in all nine subjects targeting this epitope. In line with the previous observation there was substantial cross-recognition between the prototype and the variant in most cases (Fig. 1) . Only T cells expanded from subject 1b-Ch6 did not target the variant sequence. In three cases (1b-Ch2, 1b-Ch5, and 1b-Ch8) the secretion of IFN-␥ was diminished compared to the prototype. However, in all remaining subjects no difference between the prototype and the Y1444F variant was observed. Interestingly, when PBMC were cultivated in the presence of the variant peptide no or only a minor fraction of specific T cells were detectable against both the prototype sequence and the Y1444F variant. As a possible mechanism, we suggest that the Y1444F variant does not stimulate expansion of antigen-specific T cells against this epitope in vitro.
One possible explanation for this observation is an accelerated off-rate of the variant peptide from the major histocompatibility complex (MHC) molecule that is not unmasked in a standard ICS assay, where peptide is present continuously. To address this, we loaded the variant or prototype peptide on allogeneic HLA-A*01-positive B cells, washed the cells extensively, and used them in an ICS assay as targets for specific T cells that have been expanded in the presence of the prototype (Fig. 2) . B cells pulsed with the prototype peptide were efficiently targeted. In contrast, B cells pulsed with the variant peptide were not targeted after the washing step. In this case the stability of the MHC-peptide complex may not have been sufficient, and the variant peptide was removed during the washing procedure. In summary, the Y1444F substitution represents a true escape mutation in the HLA-A*01 restricted epitope that may act through a decrease in binding to the MHC class I molecule. Putative escape variant Y1444F is predominant in two cohorts infected with HCV genotype 1b or 3a. To determine the frequency of the Y1444F escape mutation in circulating viruses in our cohort, the region of NS3 containing this epitope was sequenced from 49 subjects infected with HCV genotype 1b and 48 subjects infected with genotype 3a (Fig. 3) . In both cohorts the most common residue at position 1444 is the Y1444F substitution, and this putative escape variant represents the consensus sequence. The prototype sequence ATD ALMTGY is only present in 9 of 49 (18.4%) subjects infected with HCV genotype 1b and 12 of 48 (25.0%) subjects infected with genotype 3a. All HLA-A*01-positive subjects harbor a virus with the escape sequence (ATDALMTGF), including the subjects that were previously tested for the presence of the corresponding CD8 response (Table 1) . Interestingly, the majority of HLA-A*01-negative subjects are also infected with the escape variant: 22 of 31 (71.0%) of genotype 1b patients and 19 of 31 (61.3%) of genotype 3a patients. This indicates that the escape variant is relatively stable also in the absence of HLA-A*01-associated immune pressure and persists in these populations. Of note, we tested PBMC from 10 HLA-A*01-negative subjects before and after antigen-specific stimulation with the prototype, variant, or overlapping peptides covering residue 1444 and were not able to detect a response targeting this region in a single case (data not shown). Other epitopes overlapping with this residue have not been published. It therefore seems unlikely that a second overlapping epitope restricted by another allele accounts for this high frequency of the Y1444F substitution in HLA-A*01-negative subjects. Despite this high frequency of the Y1444F substitution, the association between the escape sequence and presence of HLA-A*01 remains statistically significant in both cohorts (Fig. 3 , genotype 1b, P ϭ 0.0098; genotype 3a, P ϭ 0.0020 [Fisher exact t test]). To determine whether minor frequencies of sequence variations at this site were missed in the quasispecies population of individual patients, the PCR product containing the ATDAL MTGY 1436-1444 epitope from a total of eight subjects was cloned. The analysis includes four HLA-A*01-positive subjects (two with a strong and two without a detectable CD8 response) and four HLA-A*01-negative subjects (two containing the prototype sequence and two containing the Y1444F substitution). A total of 84 clones (8 to 12 clones per subject) were sequenced. In all eight subjects no sequence variation was identified in position 1444 in the quasispecies population (data not shown), suggesting that this residue had achieved fixation within the virus populations infecting these eight individuals.
Next we investigated whether longitudinal analysis of HCV sequences reveals ongoing evolution in the ATDALMTG Y 1436-1444 epitope during chronic infection. Follow-up samples were therefore collected and sequenced. Most subjects received treatment after their first presentation and were therefore excluded from longitudinal analysis. Follow-up samples from four untreated HLA-A*01-negative subjects between 32 and 78 weeks after the first time point were available. No sequence evolution was observed in two subjects (Fig. 4) . A third subject infected with genotype 1b showed one variant (G1443D) in the epitope in 1 of 11 clones; however, position 1444 was fixed and did not evolve between these two time points. A fourth subject, 3a-Ch37, harbored a virus with the Y1444F substitution at the first time point. Interestingly, sequence analysis at follow-up 40 weeks later revealed a mixed base in the bulk sequence coding for both the prototype sequence and the Y1444F polymorphism, suggesting that either neutral evolution or selectively driven reversion of the Y1444F site was under way. Analysis of the clonal sequences confirmed the presence of a mixed quasispecies population with 7 of 12 clones harboring the prototype sequence in the second time point (Fig. 4) . Even though the prototype sequence might have been present in a very low frequency at the previous time point the shift in the clonal frequency indicates that evolution toward the prototype sequence can occur in genotype 3a.
Y1444F substitution is associated with decreased NS3 helicase function. The Y1444F substitution is located in the helicase domain of the NS3 protein. Since the amino acid substitution is near the presumed ATP and RNA binding sites of the protein, such genetic variation could impair its functional performance. To test this hypothesis, we cloned NS3/4A from patient 3a-Ch7 infected with HCV genotype 3a and subjected it to site-directed mutagenesis to generate both variants. The helicase domain of NS3 containing either the prototype (Hel-3a proto) or the Y1444F substitution (Hel-3a Y1444F) was then expressed as a recombinant protein and tested in a DNA unwinding assay, which monitors the displacement of a dual-labeled DNA oligonucleotide from a longer complementary oligonucleotide. Upon displacement both strands form hairpin structures, making the reaction essentially irreversible. Hairpin formation is monitored by a fluorescence decrease of a Cy5 fluorophore (Fig. 5A ). The unwinding rates were compared to rates obtained using similar HCV helicase proteins from other genotypes (22) . An alignment of the proteins used, showing the region surrounding the ATDALMTGY epitope, is shown in Fig. 5B . Notably, helicase containing the escape mutant (Hel-3a Y1444F) unwound the DNA substrate about five times slower than the prototype sequence (Hel-3a proto), suggesting that the Y1444F variant results in less active helicase (Fig. 5C) . This difference in helicase activity was reproducible at different concentrations. At each concentration Hel-3a proto unwound DNA faster than Hel-3a Y1444F (Fig. 5D) . To exclude that this observed difference is due to variations in the amount of active protein in either preparation the HCV helicase catalyzed ATP hydrolysis was determined for both helicases under optimal conditions. The maximum rate of ATP hydrolysis divided by the total protein concentration revealed that Hel-3a proto was slightly more active than Hel-3a Y1444F (k cat ϭ 37 Ϯ 13 versus 25 Ϯ 15). However, this difference was not statistically significant. When ATP hydrolysis was measured at various substrate concentrations, nearly identical results were obtained for Hel-3a proto and Hel-3a Y1444F (K m ϭ 188 Ϯ 22 versus 193 Ϯ 26). Thus, both the turnover rate (k cat ) and the catalytic efficiency (k cat /K m ) of HCV helicasecatalyzed ATP hydrolysis appeared to be unchanged by the escape mutation.
To examine the impact of the escape mutation in the genotype 1b background, the plasmid encoding Hel-1b (con1), which contains the escape mutation Y1444F, was subjected to site-directed mutagenesis to generate the prototype sequence. The resulting protein (Hel-1b [F1444Y] ) was then compared to the other helicases studied here (Fig. 5C and D) . The con1 helicase with the prototype sequence (Hel-1b [F1444Y] ) was slightly more active than the helicase with the escape mutation (Hel-1b [con1] ). However, the difference in genotype 1b was minor compared to genotype 3a. Hel-3a (proto) has a specific activity (i.e., nM DNA unwound/min/nM protein) five times higher than that of the escape mutant Hel-3a (Y1444F), but Hel-1b (F1444Y) is only ca. 20% (1.2-fold) more active than the same protein with the escape mutation (Hel-1b [con1] ). Similar differences between the proteins were observed when 
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they were assayed for their ability to unwind RNA (data not shown).
Since it has been established that the protease domain of NS3 plays a role in helicase action (13), we also examined the impact of the escape mutation on the helicase activity of the full-length NS3 protein. To this end, we subjected a plasmid encoding a full-length NS3 protein from the genotype 1b (con1) strain to mutagenesis. The resulting substitution (F1444Y) again reverted the escape mutation in the con1 background. The results with this protein were similar to those with the truncated NS3 protein (Fig. 5C ). The full-length protein is about 2.5 times more active than truncated NS3 in this assay, and again the prototype sequence (NS3 [F1444Y] ) is about 1.2 times more active than the escape mutant (NS3 [con1] ). Again, a similar difference was observed when RNA was used as a substrate (not shown).
Phylogenetic analysis reveals numerous unambiguous changes between Tyr and Phe at position 1444. Recent reports suggest that the ability to detect HLA-associated sequence polymorphisms in HIV and HCV may be reduced by so-called "founder effects" in the phylogeny (5, 42) . Sequences with a particular polymorphism may be closely related and form a distinct phylogenetic cluster. In this case, it is argued that it is less likely that the escape variant evolved by immune pressure independently within each individual; instead, it is considered more likely that a limited number of evolutionary events occurred in the founders of the lineage or cluster in question.
In order to address this in our data set a maximum-likelihood phylogeny was calculated for all genotype 1b and 3a sequences, upon which was mapped all unambiguous changes between Tyr and Phe in position 1444. Figure 6 shows the tree for all genotype 3a sequences; also included are all available genotype 3a reference sequences from the public database. The branches of the tree are color-coded; blue branches represent the prototype sequence, and red branches represent the Y1444F substitution. Importantly, 10 different internal nodes in the tree split into a blue and a red branch (labeled with a black dot), indicating unambiguous and independent changes between Tyr and Phe in these cases. However, it is difficult to infer the direction of these changes from the tree, and not all such nodes are supported by high bootstrap values. Both changes from Tyr to Phe and from Phe to Tyr are possible. In a previous phylogenetic analysis approach (42) , the ancestral state of the residue was reconstructed and used as a basis to determine the direction of sequence changes. However, the bootstrap values of the present maximum-likelihood tree were too low to do a similar analysis with any level of statistical confidence. Statistical variance arising from phylogenetic estimation also explains why a few sequences are associated with long terminal branches, since no alignment errors or frameshifts were found in these sequences.
The same analysis for genotype 1b is more complex. Figure  7 depicts the maximum-likelihood tree of all genotype 1b sequences from our cohort and all available reference sequences from the public database. Only sequences for which the origin of the isolate was known were added. The branches in the tree are again color-coded to distinguish the prototype sequence (blue) and the Y1444F variant (red). A total of 16 unambiguous changes between Tyr and Phe at position 1444 were identified (nodes labeled with a black dot), including four cases with sequences from our cohort, again suggesting multiple mutational events at this site in genotype 1b. One of these sequence changes that is supported with a high bootstrap value (98%; indicated by an arrow in the figure) includes a prototype sequence from an HLA-A*01-negative subject (1b-Ch42) and a sequence with the Y1444F substitution from an HLA-A*01-positive subject (1b-Ch06). However, the tree also contains clusters that contain solely either prototype sequences or escape variant sequences. The majority of sequences from our cohort (30 of 49) are included in the middle section of the tree (boxed in dark gray) divided into three clades. Interestingly, these three clades predominantly contain sequences with the Y1444F substitution (42 of 46) but also include the sequence change that is supported by a high bootstrap value (arrow). Four more sequences from our cohort are part of another striking cluster (boxed in light gray) that predominantly contains the prototype. The remaining 15 sequences are distributed throughout the tree without a striking pattern. In summary, despite clade-specific differences in sequence variation at site 1444, which suggest that some local founder effect do exist, the observation of multiple unambiguous sequence changes indicate that this site is continuously evolving. Region-specific differences in the frequency of the prototype and Y1444F variant correlate with HLA-A*01 frequency. One cluster in the tree of HCV genotype 1b is unique since it contains predominantly prototype sequences (boxed in light gray). Interestingly, most sequences included are from isolates of Asian origin. Twelve of the twenty sequences are from Japan, China, or Taiwan. The eight remaining sequences are from our cohort (four sequences), France, Australia, or the United States. In contrast, Asian sequences are absent from the three clades that predominantly contain Y1444F variant FIG. 5 . Impact of the Y1444F substitution on NS3 helicase activity. (A) The helicase portion of NS3 from various isolates was expressed as a recombinant protein, and DNA unwinding was monitored by using a fluorescent "self-trapping" unwinding assay. This assay monitors the displacement of a dual-labeled DNA oligonucleotide, which then forms hairpin structures. Hairpin formation leads to a fluorescence decrease. (B) An alignment of sequences spanning the ATDALMTGY [1436] [1437] [1438] [1439] [1440] [1441] [1442] [1443] [1444] epitope from the various proteins tested is shown. The substitution in position 1444 is the only difference between the two proteins derived from 3a-Ch7 (genotype 3a) and con1 (genotype 1b). Of note, con1 has phenylalanine in position 1444 and was mutated to contain the prototype epitope sequence (ATDALMTGY). (C) The unwinding rates were compared between the various helicase proteins (100 nM), and the helicase activity is shown in nM/min. White columns are results of the truncated helicases, and gray columns results of the full-length NS3 protein. (D) The unwinding rates of Hel-1b (con1), Hel-1b (F1444Y), Hel-3a (proto), and Hel-3a (Y1444F) were compared at different concentrations.
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sequences from our cohort (boxed in dark gray). This raised the possibility that there are region-specific differences in the frequency of the prototype and the Y1444F substitution. A total of 149 sequences are included in the tree: 49 sequences are from our cohort recruited in Germany (Table 2) , an additional 35 previously published sequences are from Europe (France, Germany, Russia, Ireland, and Switzerland), 35 sequences are of Asian origin (Japan, China, Taiwan, and Korea), 17 sequences are from the United States, 12 sequences arefrom Australia, and 1 more is from Turkey. The frequency of the Y1444F substitution is regionally different, with the highest frequency in published sequences from Europe (88.6%) and the lowest frequency in isolates from Asian countries (42.9%). These region-specific differences in the distribution of the prototype and the Y1444F variant correlate with the frequency of the HLA-A*01-allele in different populations.
FIG. 6. Maximum-likelihood phylogeny for HCV genotype 3a sequences. A maximum-likelihood phylogeny was calculated for the genotype 3a sequences from our cohort and all available reference sequences from the HCV sequence database Ͼ300 bp in length that span the sequenced region. The accession numbers and countries of origin of the reference sequences are indicated in the branch labels. The branches of the tree are color-coded: blue branches represent the prototype sequence, and red branches represent the Y1444F substitution. Ten different internal nodes in the tree split into a blue and a red branch (labeled with a black dot), indicating unambiguous and independent changes between Tyr and Phe. Bootstrap scores of Ͼ60% are shown in boxes on the appropriate branches. FIG. 7 . Maximum-likelihood phylogeny for HCV genotype 1b sequences. A maximum-likelihood phylogeny was calculated for the genotype 1b sequences from our cohort and all available reference sequences from the HCV sequence database Ͼ300 bp in length that span the sequenced region. The accession numbers and countries of origin of the reference sequences are indicated in the branch labels. The branches of the tree are color-coded: blue branches represent the prototype sequence, and red branches represent the Y1444F substitution. Sixteen different internal nodes in the tree split into a blue and a red branch (labeled with a black dot), indicating unambiguous and independent changes between Tyr and Phe. A case of an unambiguous change that includes two sequences from our cohort is indicated with an arrow. The tree also contains unique clusters with predominantly prototype sequences (boxed in light gray) or predominantly the Y1444F variant (boxed in dark gray). Bootstrap scores of Ͼ60% are shown in boxes on the appropriate branches.
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HLA-A*01 is a common allele in Europe, with phenotype frequencies between 20 and 35% (Fig. 8) . In contrast, HLA-A*01 is rare in Asians, with reported frequencies of Ͻ6%. Interestingly, only in isolates of Asian origin the consensus residue in position 1444 is the prototype residue tyrosine (Table 2), suggesting that isolates from this region are potentially less well adapted to HLA-A*01-mediated selection pressure.
DISCUSSION
The propensity of HCV to evolve with a high mutation rate, enabling selection of escape variants in targeted regions, makes the design of effective immune therapies difficult. Here we describe the impact of MHC class I-associated selection pressure on the frequency of an escape mutation in an HLA-A*01-restricted CD8 epitope in NS3. Continuous HLA-A*01-mediated selection pressures in two cohorts infected with HCV genotype 1b or 3a replace the prototype epitope sequence (ATDALMTGY) with an escape variant (ATDALMTGF) that seems to impair MHC class I binding.
Recent studies in HIV-1 suggest that escape variants can become predominant in circulating strains in a population (3, 26, 31) . In an analysis of HLA class I-associated sequence polymorphisms in viral genomes, these escape mutations represent "negative associations" (16, 31, 42) , which means that a particular HLA allele is associated with presence of the consensus sequence. As a driving mechanism for these negative associations, reproducible selection in the presence of CD8 immune pressure, stability of the mutation upon transmission, and the lack of reversion in the absence of immune pressure have been proposed (26) . Under these conditions continuous accumulation of the escape variant ultimately replaces the "wild-type" sequence as the most frequent strain in a population, and the escape residue becomes the predominant consensus residue. It has been highlighted that this mechanism may potentially lead to complete deletion of epitopes from the population after sufficient time has elapsed and all circulating "wild type" sequences are replaced (26) . Here we similarly demonstrate for HCV that an escape mutation in an HLA-A*01-restricted epitope in HCV NS3 is predominant in circulating isolates. Mutational escape during acute infection has been described for this epitope in a subject infected with genotype 1a (8) . Moreover, significant associations between the Y1444F substitution and expression of the HLA-A*01 allele in larger cohorts with chronic infection have been previously reported (16, 42) . However, different frequencies of this escape mutation have been observed. The predominant residue in a cohort infected with genotype 1a in North America was the prototype, whereas in a mixed cohort from Switzerland and Western Australia infected with genotype 1a or 1b the escape mutation Y1444F was predominant, indicating regional differences and potentially differences between genotypes or subtypes.
Even though the Y1444F substitution in the HLA-A*01 epitope is located in the anchor position for MHC class I binding, Cox et al. (8) observed in a previous escape study no differential impact on stimulation of IFN-␥ secretion both ex vivo and using expanded specific T cells from a subject with acute HCV infection. The hydrophilic tyrosine is the common residue for the anchor in position 9 of the HLA-A*01 motif (9) . Substitution with the similar but hydrophobic phenylalanine at this crucial site likely preserves the peptide's structure but impairs binding to the MHC molecule. This is supported by another study suggesting that the tyrosine-to-phenylalanine substitution in this anchor position reduces HLA-A*01 binding (20) and is in line with a previously reported Ͼ200-fold-reduced binding affinity of the Y1444F variant to the HLA-A*01 molecule compared to the prototype (8) . We observed substantial cross-recognition between the two variants when added in an ICS assay, where the peptide is present throughout the whole incubation period. However, when loaded on B cells that are washed after the incubation period, the presentation of the variant peptide is significantly impaired. This suggests that MHC class I binding is likely affected, resulting in a higher drop-off rate of the variant peptide. A similar subtle effect of an escape mutation that only unmasked when the off-rate from pulsed B cells was determined has been previously described for HIV (17, 26) .
Accumulation of escape mutations in circulating strains may have important implications for the ability to prime a functional antiviral CD8 immune response upon acute infection. Even though the plasticity of the T-cell response allows priming of CD8 T cells against various sequences including escape variants (2, 7), mutations of the anchor residue for MHC class (23, 24) . However, it is unclear how lack of such an immunodominant CD8 response may affect the functionality of the overall T-cell response and the ability to control viral replication. In animal models, conflicting results on the consequences of the lack of immunodominant CD8 epitopes on disease control have been reported. Infection of mice with HSV-1 or influenza virus lacking one immunodominant CD8 epitope resulted in a shifted epitope hierarchy, but enhancement of otherwise-subdominant CD8 responses compensated for the missing dominant response (4, 37) . In contrast, mice infected with an lymphocytic choriomeningitis virus escape variant in one or two immunodominant CD8 epitopes presented with prolonged viremia and disease (32, 45) . In HCV, expression of the HLA A*01-B*08-Cw07-DRB1*03011-DQB1*0201 haplotype was found in one study to be associated with viral persistence (30) . That study was based on an analysis of a cohort infected by contaminated anti-D immune globulin from a single source in Ireland. Interestingly, the infecting virus harbored two escape mutations: one was the Y1444F mutation, and the other was located in an immunodominant HLA-B*08-restricted epitope (HSKKKCDEL 1395-1403 ) in NS3 (35) . It is tempting to speculate that adaptation in the ATDA LMTGY 1436-1444 epitope and that the B*08-epitope contributed to the failure of this HLA-haplotype to control viral replication. We detected the CD8 response against the ATDALMT GY 1436-1444 epitope in ca. 50% of all subjects. However, only 25% of circulating isolates contain the prototype sequence. Assuming that both variants can be transmitted upon infection, this high frequency of the CD8 response may be unexpected. As a possible explanation, it was hypothesized for a similar observation in the simian immunodeficiency virus-infected rhesus macaque model that viral variants may have reverted back to the prototype sequence and primed the response but were rapidly eliminated by specific T cells and therefore not detectable in serum (15) . Transient reversion to the prototype as the basis for priming of a CD8 response after infection with an escape variant has been documented (1, 11) , even though this may result in delayed priming of the response (1). In our study we were not able to find the prototype epitope sequence even in minor frequencies in HLA-A*01-positive subjects. However, we observed one case of evolution back to the prototype residue in the absence of the HLA-A*01 allele, indicating that such mutations occur at least in some isolates. It therefore seems possible that a low frequency of the prototype sequence was also present in some HLA-A*01-positive subjects but was missed in our quasispecies analysis. This may have driven the corresponding CD8 response at a very low detection level, and the immune response at the same time may have prevented full mutation back to the prototype.
We observed one case of evolution toward the prototype residue in a subject with chronic HCV genotype 3a infection. Similarly, reversion in this epitope was observed in 4 of 11 subjects in the Irish cohort infected by a single source of HCV genotype 1b (32) . In contrast, in a similar single source outbreak with HCV genotype 1b in East Germany (46) , only 1 of 19 sequences from HLA-A*01-negative subjects has reverted 20 years after infection (data not shown). This raises the possibility that the Y1444F substitution is at least in some but not all isolates associated with fitness costs to the virus. To address the impact of the Y1444F substitution on the function of the encoded HCV helicase, the protein from a genotype 3a isolate and from genotype 1b (con1) was expressed, and the helicase activity was determined in vitro. The helicase activity of the Y1444F variant was reproducibly diminished compared to the prototype in the genotype 3a isolate. Similarly, in the con1 context the helicase containing the prototype epitope sequence (ATDALMTGY) was more active compared to the variant; however, the effect was in this case only minor. The recently developed HCV culture systems that produce infectious viral particles are based on HCV genotype 2a (28, 44, 47) . Therefore, direct evaluation of the impact of this escape mutation observed in HCV genotype 3a and 1b on viral replication capacity is at the moment difficult. It is unclear how this difference in helicase function translates into differences in overall replication capacity. In a transient-replication model utilizing a subgenomic replicon based on con1, both the prototype and the variant were replication competent on a similar level, even though subtle differences in the replication level were difficult to dissect (data not shown). If optimal performance of the helicase supports viral replication, it seems possible that the prototype sequence is advantageous overall, even though clear evidence of a fitness benefit is lacking from the in vitro assays. Potentially, even subtle differences in replication capacity result in a selection advantage of a variant in vivo. However, the observation in our cohort that the majority of HLA-A*01-negative subjects are infected with the escape variant indicates that the Y1444F substitution is relatively stable in many isolates and that evolution toward the prototype in the absence of immune pressure is not universal. Of note, there was no significant difference in viral load between subjects with the prototype and the Y1444F variant (data not shown).
The frequency of escape mutations in circulating strains in a population is not only determined by the associated fitness costs and consequently the rate of reversion. CD8 immune pressure mediated by frequent HLA class I alleles may contribute proportionally more to viral evolution at the population level compared to rare alleles. Hence, circulating strains in a population may be more adapted to immune pressure mediated by frequent HLA alleles and less adapted to immune pressure by rare alleles. In HIV it has been suggested that the expression of rare HLA alleles to which the virus is not yet adapted is even advantageous for containing viremia (43) . HLA-A*01 is a frequent allele in a Caucasian population, with reported phenotype frequencies between 20 and 35%. Reproducible immune pressure mediated by this common allele may support a high prevalence of the Y1444F escape variant in circulating strains. Inter- VOL. 82, 2008 EVOLUTION IN HCV CD8 EPITOPE AT A POPULATION LEVEL 3449 estingly, the frequency of the Y1444F escape variant in isolates from different regions correlates well with reported HLA-A*01 frequencies. Sequences from Asia, where HLA-A*01 is rare, predominantly harbor the prototype sequence, indicating that circulating viruses in Asia are less frequently exposed to immune pressure mediated by this allele. It will therefore be interesting to investigate whether HLA-A*01 is beneficial in such populations, i.e., in which this allele is rare and the circulating strains are predominantly prototype. However, the phylogenetic analysis of genotype 1b sequences suggests that in addition to numerous unambiguous sequence changes there are region-specific clusters that predominantly contain either prototype or the Y1444F variant. The interpretation of this observation is difficult. A recent phylogenetic reevaluation of HLA-associated sequence polymorphisms in HIV suggested that these clusters are unlikely to be selected by immune pressure; this phenomenon was termed "founder effect" (5) . Many of the reported viral sequence differences in HIV corresponded to different subtypes, resulting in a detection bias toward associations between subtype-specific sequence polymorphisms and the predominant HLA allele of the population in which this subtype is common. However, in the present study, in which subtypes were analyzed separately, multiple sequence changes in position 1444 in HCV genotype 1b indicate that this site is continuously evolving. Even though we cannot completely rule out other mechanisms, we hypothesize that the Asian cluster predominantly contains prototype sequences because it was less exposed to HLA-A*01-associated selection pressure. In turn, sequences in clusters predominantly containing Y1444F sequences may have additional sequence changes that compensate for fitness costs, which is the subject of additional ongoing studies. This may prevent frequent reversion, giving the phylogeny a less dynamic picture. Additional studies are clearly needed to address the impact of regional differences in HLA frequencies on the global evolution of HCV.
In summary, we demonstrate here that several factors influence the evolution in an HLA-A*01-restricted epitope in NS3 in the individual but also at the population level. Importantly, this epitope is a frequent target. Specific CD8 ϩ T cells are detectable in approximately half of all HLA-A*01-positive patients, even during chronic HCV infection, and reproducible immune pressure results in the selection of a CD8 escape variant that seemingly impairs HLA binding in all HLA-A*01-positive patients. However, mutational escape in this epitope is potentially associated with viral fitness costs at least in some isolates, and evolution toward the prototype residue in the absence of the restricting HLA allele occurs, albeit seemingly at a low rate. Interestingly, in this interplay of positive and negative selection pressures the frequency of the HLA*01-allele in a population seems to be an additional important factor that influences the overall frequency of the escape mutation in circulating isolates. In HLA-A*01-rich populations the majority of HCV isolates is adapted to immune pressure in this epitope, and further compensatory evolution may have tipped the balance for the predominant consensus residue from prototype to the escape variant. Adaptation of circulating viruses to HLA class I-associated selection pressure in a population may further complicate the design of T-cell-based immune therapies.
